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Third,  cytotoxic  lymphocytes,  but  no  PFC,  appear  when 
thymus  cells  are  transferred  in  irradiated  allogeneic  reci- 
pients [6],  Fourth,  treatment  of  immune  spleen  cells  with 
anti-0  serum  and  complement,  which  results  in  selective 
destruction  of  thymus-derived  cells  active  in  CMI  [15],  ab- 
olishes in  vitro  cytotoxicity  without  affecting  the  19  S  allo- 
antibody-forming  cells  (PFC). 
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1.  Introduction 

Experimental  allergic  encephalomyelitis  (EAE)  is  an  acute 
neurological  autoimmune  disease  induced  in  laboratory 
animals  by  a  single  injection  of  brain  or  spinal  cord  tissue 
in  complete  Freund's  adjuvant  [1,  2].  The  disease  is  charac- 
terized clinically  by  paralysis  of  the  hind  legs  and  histolo- 
gically by  perivascular  infiltration  in  the  brain  tissue  [2]. 
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The  active  encephalitogenic  component  in  the  nervous  tissue 
is  a  basic  low  molecular  weight  protein  which  is  a  constituent 
of  myelin,  and  has  been  purified  by  various  procedures  [3-7] 
The  basic  encephalitogen  (BE)  is  active  in  extremely  low 
doses.  Thus,  1  —  10  jug  injected  per  guinea  pig  will  induce  the 
clinical  symptoms,  and  a  dose  as  low  as  0.1  jig  per  guinea  pig 
will  bring  about  histological  changes  [6].  In  recent  years  a 
number  of  reports  appeared,  demonstrating  that  high  doses 
of  the  same  protein  injected  by  a  different  route  can  either 
suppress  or  prevent  the  induction  of  EAE  [8-10].  Recently 
it  was  found  that  not  only  the  basic  encephalitogen  was  ef- 
fective in  such  treatment,  but  other  non-encephalitogenic 
basic  neural  proteins  had  a  similar  protective  effect  when 
injected  in  incomplete  Freund's  adjuvant  [10].  In  contrast, 
basic  proteins  of  non-neural  origin,  such  as  histones,  did  not 
provide  any  protection. 

In  view  of  these  results  we  have  synthesized  three  random 
copolymers,  of  amino  acid  compositions  approaching,  to  a 


Suppression  of  experimental  allergic  encephalomyelitis 
by  a  synthetic  polypeptide* 

Three  random  basic  copolymers  of  amino  acids  were  tested  for  their  effect  on 
experimental  allergic  encephalomyelitis  (EAE).  One  of  these  copolymers  de- 
noted as  Cop  1 ,  composed  of  alanine,  glutamic  acid,  lysine  and  tyrosine,  with 
a  molecular  weight  of  23  000,  showed  a  marked  suppressive  effect  on  the  di- 
sease. The  intravenous  administration  of  Cop  1  in  physiological  saline,  as  late 
as  5  days  following  the  challenge  with  the  disease-inducing  dose  of  the  basic 
encephalitogenic  protein,  reduced  the  clinical  incidence  of  EAE  from  64  % 
in  the  control  group  to  22  %;  the  histological  lesions  were  also  decreased  both 
in  prevalence  and  in  severity.  The  suppressive  effect  on  the  disease  attained 
by  the  synthetic  copolymer  is  of  the  same  order  of  magnitude  as  that  previ- 
ously reported  for  the  basic  encephalitogen. 

The  effect  of  the  copolymers  appears  to  be  specific,  since  neither  an  acidic 
amino  acid  copolymer,  nor  unrelated  basic  proteins,  had  any  protective  action. 
On  the  other  hand,  a  second  batch  of  Cop  1  showed  activity  identical  to  that 
of  the  first  batch.  The  potential  applicability  of  this  non-encephalitogenic  and 
non-immunosuppressive  material  is  discussed. 
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certain  extent,  that  of  the  natural  encephalitogen,  and  pos- 
sessing a  positive  net  electrical  charge.  The  copolymers  were 
tested  for  possible  encephalitogenic  activity,  as  well  as  for 
their  capacity  to  suppress  the  disease.  None  of  the  copoly- 
mers had  any  encephalitogenic  activity.  On  the  other  hand, 
these  synthetic  models  were  effective  in  suppressing  EAE. 
The  present  report  describes  the  effectiveness  and  specificity 
of  this  protective  action. 


2.  Materials 

2.1.  Animals 

D.  H.  Albino  guinea  pigs  weighing  300-400  g  were  used  in 
all  the  experiments,  unless  otherwise  stated. 

2.2.  Proteins 


Table  1 .  Composition  of  copolymer  1 


Amino  acid 


N-Carboxyanhydndc 
derivative  used  for 
reaction 


Amount 
used  in  the 
reaction 


Molar  rat io 
ot  amino 
acid  in  co- 
polymer 

mM     Batch  Batch 


I 

II 

Alanine 

Alanine 

8.6 

75 

6.0 

6.7 

Glutamic  acid 

r  Benzyl  glutamate 

6 

23 

1.9 

2.1 

Lysine 

^.N-Trifluoroacetyl- 
lysine 

14 

52 

4.7 

4.2 

Tyrosine 

Tyrosine 

3 

14 

1.0 

1.0 

Molecular 
weight 


23100  22  800 


The  basic  encephalitogenic  protein  (BE)  was  prepared  from 
bovine  spinal  cord,  as  described  previously  [7],  by  column 
chromatography  on  SE-Sephadex  (Pharmacia,  Uppsala).  The 
amino  acid  composition  of  this  protein  [7]  is:  Lysi2His8Arg16 
Asp1oThr6Ser14Glu10Pro11Gly2iAla12Val2Met2lLeu3Leu9 
Tyr3Phe7Trp1 ,  with  a  calculated  molecular  weight  of  appro- 
ximately 16  000.  Hen  egg-white  lysozyme  (2  x  crystallized) 
was  obtained  from  Worthington  Biochemicals,  N.  J.  Bovine 
pancreatic  ribonuclease  (RNase  type  I-A,  5  x  crystallized), 
and  cytochrome  c  (from  horse  heart,  type  II)  were  from 
Sigma  Chemical  Co. 

2.3.  Copolymers 

Four  different  random  copolymers  of  amino  acids  were  used 
in  this  study.  Three  were  rich  in  basic  amino  acids,  whereas 
the  fourth  one  was  an  acidic  copolymer.  They  were  prepared 
from  the  N-carboxyanhydrides  of  the  respective  amino  acids 
according  to  Katchalski  and  Sela  [11]. 

2.3.1.  Copolymer  1 


Table  2.  Composition  of  copolymer  2 


N  -Car  boxy  an  hydr  id  e 

Amount 

Molar  ratio 

Amino  acid 

derivative  utfd  for 

used  in  the 

of  amino 

reaction 

reaction 

acid  in  co- 

polymer 

g 

mM 

Glutamic  acid 

rBcnzyl  glutamate 

7.9 

30 

2.0 

Glycine 

Glycine 

4.5 

22 

1.4 

Histidine 

N-Benzylhistkline 

6.7 

22 

0.4 

Lysine 

e ,  N  -Tr  jfl  uo  ro  a  cc  t  y  )- 

lysine 

10.1 

37 

2.8 

Proline 

Proline 

2.1 

15 

0.4 

Serine 

*  O-Benzylserine 

4.9 

22 

1.1 

Tyrosine 

Tyrosine 

3.0 

14 

1.0 

Molecular 

weight  4000 


Cop  1  was  prepared  from  the  N-carboxyanhydrides  of  ty- 
rosine^], alanine  [13],  7-benzyl  glutamate  [14],  and  e,  N-tri- 
fluoroacetyllysine  [15]  (Table  1).  The  polymerization  reaction 
was  carried  out  at  room  temperature  in  anhydrous  dioxane 
with  diethylamine  as  initiator.  The  deblocking  of  the  7-car- 
boxyl  groups  of  the  glutamic  acid  was  carried  out  with  hy- 
drogen bromide  in  glacial  acetic  acid  [16],  and  was  followed 
by  the  removal  of  the  trifluoroacetyl  groups  from  the  lysine 
residues  by  1  m  piperidine  [17].  A  second  batch  of  this  poly- 
mer was  prepared  in  an  identical  manner.  The  molecular 
weight  and  amino  acid  composition  of  these  polymers  are 
listed  in  Table  1. 

2.3.2.  Copolymer  2 

Cop  2  was  prepared  from  the  N-carboxyanhydrides  of  the 
following  amino  acids  (Table  2):  e,  N-trifluoroacetyllysine, 
N-benzylhistidine  [18],  O-benzylserine  [19],  7-benzyl  gluta- 
mate, proline  [12],  glycine  [20]  and  tyrosine,  by  polymeri- 
zation in  dioxane  (dimethylamine  as  initiator).  In  the  first 
deblocking  stage  the  benzyl  groups  were  removed  by  hydro- 
gen bromide  in  glacial  acetic  acid  [16]  to  liberate  the  carboxy 
groups  of  glutamic  acid  and  the  hydroxyl  groups  of  serine. 
In  the  second  stage  the  benzyl  groups  were  removed  from 
the  histidine  residues  by  hydrogenation  with  palladium  as 
catalyst.  The  trifluoroacetyl  groups  were  removed  from  the 
lysine  residues  by  1  m  piperidine. 


Table  3.  Composition  of  copolymer  3 


Ammo  acid 


N-Carboxy  anhydride 
derivative  used  for 
reaction 


Amount 
used  in  the 
re  act  ion 


Molecular 
u  eight 


Molar  ratio 
of  amino 
acid  in  co- 
polymer 


g 

mM 

Alanine  . 

Alanine 

3.5 

30 

4.0 

Argirune 

6,  N-Trifluoroacctyl 
ornithine 

7.5 

29 

1.0 

Atpartic-acid 

OrBenzyl  aspartate 

5 

20 

2.7 

Glutamic  acid 

-y-Benzyl  glutamate 

5.2 

20 

3.2 

Glycine 

Glycine 

6 

59 

6.5 

Histidine 

N-Ben/yJhistidine 

9.2 

30 

1.7 

Leucine 

Leucine 

1.6 

10 

1.0 

Lysine  . 

f-Carbobenzyk>xy- 
lysinc 

6 

20 

3.8 

Phenylalanine 

Phenylalanine 

1.9 

9 

1.2 

Proline  - 

Proline 

2.8 

20 

1.8 

Serine 

OBcnzylsennc 

6.6 

30 

3.9 

Tyrosine 

Tyrosine 

2.8 

14 

1.0 

5000 
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2.3.3.  Copolymer  3 

Cop  3  was  prepared  by  the  random  polymerization  in  dioxa- 
ne  of  the  N-carboxyanhydrides  of  the  following  amino  acids: 
alanine,  N-trifluoroacetylornithine  [2 1],  /3-benzyl  aspartate  [22], 
7-benzyl  glutamate,  glycine,  N-benzylhistidine,  leucine  [23], 
e-carbobenzoxylysine  [11],  phenylalanine  [11],  proline,  O-ben- 
zylserine  and  tyrosine  (Table  3).  The  first  deblocking  stage 
was  treatment  with  1  M  piperidine  for  the  removal  of  the 
trifluoroacetyl  groups  from  the  6-amino  groups  of  the  or- 
nithine residues.  They  were  subsequently  guanidinated  with 
l-guanyl-3,5-dimethylpyrazol  nitrate  [21  ]  to  form  arginine 
residues.  The  second  deblocking  stage  was  treatment  with 
hydrogen  bromide  in  glacial  acetic  acid.  This  liberated  the 
carboxyl  groups  of  glutamic  and  aspartic  acids,  the  hydroxyl 
groups  of  serine  and  the  amino  groups  of  lysine.  The  benzyl 
groups  of  the  histidine  were  then  removed  by  hydrogenation. 

The  amino  acid  composition  and  molecular  weights  of  co- 
polymers 2  and  3  are  listed  in  Tables  2  and  3,  respectively. 

The  acidic  copolymer,  poly(Ala33Glu37Tyr30)  [24],  abbre- 
viated as  AGT,  was  a  gift  from  Dr.  Sara  Fuchs.  It  had  an 
average  molecular  weight  of  17  000. 


3.  Methods 


following  areas:  a  cross-section  along  the  line  of  the  vermis, 
the  corpus  mamillare,  the  tuber culum  olfactorium  and  of 
the'  medulla  oblongata.  The  sections  were  stained  with  Luxol- 
fast-blue  [27]  with  counter  stain  "kern  echt  rot". 

All  histological  examinations  were  carried  out  under  code. 
The  histopathological  changes  which  we  observed  were:  in 
mild  cases  (+)  a  small  percentage  of  blood  vessels  showed  a 
slight  perivascular  infiltration  with  mononuclear  cells  (Con- 
sisting mainly  of  small  lymphocytes  and  very  few  granulo- 
cytes (Fig.  1  b),The  perivasculitis  could  be  observed  in  dif- 
ferent parts  of  the  brain  without  any  predominating  area. 
Figure  1  a  shows,  for  comparison,  a  normal  blood  vessel  in 
the  control  brain  tissue. 

In  more  advanced  cases  (++)  the  histological  changes  were 
much  more  obvious  in  comparison  to  the  former  group, 
namely,  a  higher  percentage  of  the  blood  vessels  were  affec- 
ted and  the  infiltrated  area  around  them  was  thicker. 

In  severe  cases  (+++)  the  perivasculitis  was  very  massive 
(Fig.  1  c)  together  with  periventriculitis  (Fig.  1  d).  The  ven- 
tricles were  surrounded  by  inflammatory  cells,  mainly  with 
small  lymphocytes  and  a  few  macrophages.  In  many  places 
in  the  severe  cases,  groups  of  lymphocytes  were  seen  in  the 
brain  parenchyma,  not  being  a  part  of  the  immediate  peri- 
vascular or  periventricular  zone  (Fig.  1  e). 


3.1.  Induction  of  EAE 

Guinea  pigs  were  injected  with  10  jug  of  the  purified  BE  in 
complete  Freund's  adjuvant  into  the  footpads  of  the  two 
hind  legs.  They  were  then  observed  daily  for  loss  in  weight, 
and  for  the  appearance  of  clinical  symptoms  of  the  disease, 
as  reflected  by  paralysis  of  the  hind  legs. 

3.2.  Delayed  hypersensitivity  reactions  [25] 

The  skin  test  reactions  were  carried  out  on  the  10th  or  the 
1 1th  day  after  the  challenge  injection.  The  basic  encephali- 
togen  (20  /ug  in  0.1  ml  saline)  was  injected  intradermally  into 
each  of  the  guinea  pigs.  The  appearance  of  erythema  at  the 
spot  of  the  injection  was  observed  24  h  later,  and  the  extent 
of  the  delayed  hypersensitivity  was  quantitated  by  measuring 
the  diameter  of  the  skin  reaction.  Only  reactions  of  above 
5  mm  diameter  were  considered  positive. 

3.3.  Determination  of  lactic  dehydrogenase  (LDH)  activity 

The  level  of  LDH  in  the  sera  of  the  guinea  pigs  was  assayed 
spectrophotometrically  by  the  rate  of  oxidation  of  the  re- 
duced form  of  nicotinamide  adenine  dinucleotide  (NADH) 
after  adding  sodium  pyruvate  to  the  serum,  according  to 
Schwartz  and  Bodansky  [26].  The  determinations  were  car- 
ried out  on  sera  from  bleedings  at  days  4,  1 1  and  14  after 
the  induction  of  EAE.  A  rise  in  value  of  LDH  was  observed 
only  in  samples  from  the  14th  day. 

3.4.  Histological  tests 

The  animals  were  sacrificed  after  4  weeks  by  means  of  nem- 
butal. The  brain  was  taken  out  in  its  entirety  after  the  skull 
had  been  sawn.  The  medulla  oblongata  was  also  removed  till 
the  atlas.  After  fixation  of  the  brain  in  formalin  for  a  period 
of  24  h  a  median  section  was  taken  3  mm  from  the  center 
line  (along  the  sulcus  lateralis).  A  whole  median  section  of 
this  area  was  put  into  formalin  for  an  additional  period  of 
24  h.  Cross-sections  were  also  taken  for  fixation  from  the 


As  mentioned,  we  used  the  Luxol-fast-blue  dye  to  stain  mye- 
lin, but  no  stage  of  demyelination  appeared. 

3.5.  Prevention  of  EAE 

Each  animal  received  8  repeated  intradermal  injections  of 
100  jug  of  the  respective  polymer  in  incomplete  Freund's  ad- 
juvant (ICFA).  The  material  was  injected  over  the  back  and 
sternum  of  the  guinea  pigs  twice  a  week  for  four  weeks  [10]. 
Three  days  after  the  last  injection  the  animals  were  challenged 
with  10  Mg  of  BE  in  CFA  into  the  two  hind  footpads. 

3.6.  Suppression  of  EAE 

After  the  initial  challenge  with  10  jug  of  BE,  two  methods 
of  suppression  were  tried:  (1)  each  guinea  pig  received  6  in- 
tradermal injections  of  100  jug  each  of  the  respective  poly- 
mer in  incomplete  Freund's  adjuvant.  The  injections  were 
given  over  the  back  and  sternum  of  the  guinea  pig,  twice  a 
week  for  three  weeks  starting  two  days  after  the  initial  chal- 
lenge [  10],  (2)  Each  guinea  pig  received  three  intravenous 
injections  of  1  mg  each  of  the  respective  polymer  or  protein 
in  saline.  The  injections  were  given  according  to  schedules 
mentioned  in  the  text,  which  differed  in  the  various  experi- 
ments. 

3.7.  Molecular  weight  determinants 

The  average  molecular  weights  of  the  polymers  were 
determined,  in  a  Spinco  model  E  ultracentrifuge,  from 
sedimentation  and  diffusion  measurements,  as  described 
earlier  [24],  and  by  the  approach  to  equilibrium  technique 
of  Yphantis[29]. 

3.8.  Amino  acid  analyses 

Were  carried  out  in  a  Beckinan-Spinco  automatic  amino 
acid  analyzer,  Model  120-B,  after  hydrolysis  of  the  samples 
under  reduced  pressure  in  constant  boiling  hydrochloric 
acid  (6n)  for  22  h  [28]. 
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Figure  1.  Typical  examples  of  the  histological  changes  in  the  brains  of  guinea  pigs  challenged  with  BE  (the  sections  were  stained  with  Luxol-fast- 
blue  and  counter  stained  with  nuclear  fast  red). 

a)  A  normal  control;  a  normal  blood  vessel.  (The  erythrocytes  are  stained  deep  blue).  Note  the  thin  vessel  wall  containing  the  endothelial  and 
epithelial  layers  only  (magnification:  x  500). 

b)  Perivasculitis;  blood  vessel  from  a  mild  positive  case.  Note  the  narrow  mononuclear  infiltration  around  the  vessels  (x  500). 

c)  Perivasculitis;  a  strong  positive  case.  Note  the  thick  inflammatory  area  (x  200). 

d)  Periventriculitis  (x  200). 

e)  Diffuse  mononuclear  infiltration  of  the  brain  parenchyma  (x  200). 


4.  Results 

4.1.  Characterization  of  EAE 

In  the  numerous  reports  which  have  appeared  in  the  literature 
on  EAE,  several  criteria  were  used  for  the  diagnosis  of  the 
disease.  The  appearance  of  clinical  symptoms,  manifested 
mainly  by  the  paralysis  of  the  hind  legs,  was  the  criterion 
mostly  used.  A  second  parameter  reported  is  the  degree  of 
histological  changes  in  the  brain.  It  has  also  been  suggested 
that  in  many  cases  a  correlation  exists  between  delayed 
hypersensitivity  reaction  toward  the  encephalitogen  and 
the  appearance  of  clinical  symptoms  [30].  Recently,  it  has 
been  shown  that  the  level  of  serum  LDH  in  rabbits  increased 
as  a  result  of  EAE  [31],  and  could  thus  serve  as  a  useful 
index  of  the  disease  induction. 

We  have  determined  all  four  parameters  mentioned  above  in 
ten  individual  guinea  pigs,  and  the  results  are  presented  in 
Table  4.  As  shown,  six  out  of  the  ten  animals  were  paralyzed 
within  13  to  20  days  after  being  challenged  with  BE.  Histolo- 
gical lesions,  of  various  degrees  of  severeness,  were  observed  in 
the  brains  of  all  the  guinea  pigs  tested.  Delayed  hypersensiti- 
vity reaction  was  observed  on  8  of  the  guinea  pigs.  However, 
it  is  of  interest  that  the  animals  which  gave  negative  results 


in  the  delayed  hypersensitivity  test  suffered  paralysis, 
whereas  all  four  animals  that  did  not  show  the  clinical 
symptoms  reacted  positively  in  the  delayed  hypersensitivity 
test.  An  increase  was  observed  in  the  level  of  serum  lactic 
dehydrogenase  in  several  of  the  animals.  This  effect  could 
not  be  correlated,  however,  with  the  other  parameters  listed 
in  Table  4. 

On  the  basis  of  these  and  similar  data,  we  have  chosen  the 
incidence  of  clinical  symptoms  and  of  histological  lesions 
in  the  brain  as  the  two  critical  parameters  for  evaluation  of 
our  results.  All  animals  suffering  from  paralysis  were 
considered  diseased,  and  the  non-paralyzed  animals  were 
judged  by  the  degree  of  their  histological  lesions.  An  added 
indication  of  the  disease  was  the  decrease  in  the  weight  of 
the  animals.  This,  however,  was  not  considered  to  be  of 
major  significance,  as  it  is  not  specific  for  EAE, 

4.2.  Encephalito genie  activity  of  the  synthetic  copolymers 

The  copolymers  1,  2  and  3  were  tested  for  encephalitogenic 
activity  at  dose  levels  of  10  jug,  250  /ug,  1  mg  and  5  mg.  Each 
dose  of  each  copolymer  was  injected  into  5  guinea  pigs  in 
CFA  in  the  two  hind  legs.  No  clinical  symptoms  were 
observed  and  the  histological  results  were  all  negative. 
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Table  4.  Characterization  of  EAE 


Guinea 

Delayed  hyper- 

Day of  onset 

Histological 

Lactate 

We«ht 

PS  no. 

sensitivity 

of  paralysis 

Jesions^ 

dehydro- 

change 

reaction4) 

genase6) 

enzyme 

units 

1 

negative 

13 

♦ 

83 

decrease 

2 

negative 

14 

4- 

124 

decrease 

3 

6 

20 

42 

decrease 

4 

7 

no  paralysis 

+ 

44 

no  decrease 

5 

8 

no  paralysis 

80 

decrease 

6 

8 

17 

++ 

86 

decrease 

7 

12 

15 

+++ 

34 

decrease 

8 

14 

15 

+++ 

136 

decrease 

9 

15 

no  paralysis 

+ 

33' 

no  decrease 

10 

15 

no  paralysis 

90 

decrease 

a)  The  test  was  carried  out  on  the  1  Hh  day  after  challenge.  The  numbers  represent 
the  diameter  of  the  skin  reactions  in  mm. 

b)  The  various  degrees  of  the  histological  lesions  are  described  and  defined  under 
methods. 

c)  The  LDH  was  assayed  in  serum  samples  taken  on  the  14th  day  after  challenge. 
The  level  of  LDH  in  the  sera  of  untreated  guinea  pigs  was  between  25  and  50 
enzyme  units. 


Table  5.  Prevention  and  suppression  of  EAE  by  synthetic  copolymers 


Table  5.  In  the  suppression  experiment  the 
copolymers  were  more  effective.  The  best 
result  was  achieved  with  Cop.  1  which 
brought  about  reduction  not  only  in  the 
clinical  incidence  of  the  disease,  but  also  in 
the  prevalence  of  histological  lesions. 

The  only  doubt  shed  upon  these  data  is  the 
finding  [32]  that  injection  of  incomplete 
Freund's  adjuvant  alone  had  a  suppressive 
effect  on  EAE.  Indeed,  in  the  one  experi- 
ment listed  in  Table  5,  it  was  found  to  have 
a  suppressive  effect.  For  this  reason  an  addi- 
tional suppression  experiment  was  carried 
out  by  applying  intravenous  injections  of 
the  copolymers  in  saline  (Table  6).  Only 
two  copolymers  (Cop  1  and  Cop  2)  were 
compared  in  this  experiment,  since  Cop  3 
was  found  toxic  under  the  conditions  em- 
ployed. It  is  seen  from  Table  6  that  under 
the  experimental  conditions  used  Cop  2 
had  no  protecting  effect  against  the  disease. 
Cop  1,  however,  showed  a  drastic  suppressi- 
ve effect.  It  reduced  the  clinical  incidence 
of  the  disease,  as  well  as  the  degree  of  histo- 
logical lesions. 


Group 
Control 

Prevention 


Suppression 


Treatment 

Injection  with  10  Mg  BE 
in  CFA  into  the  footpads 
of  the  animal 

Eight  intradermal  injections 
of  100  Mg  of  the  polymer 
in  ICFA,  tw  ke  a  week  for 
four  weeks,  followed  by  chal- 
lenge with  10  Mg  of  BE  in  CFA 

Injection  with  10  Mg  BE  in  CFA, 
followed  by  6  intradermal  in- 
jections of  100  Mg  copolymer  in 
ICFA,  two  injections  per  week, 
starting  two  days  after  the  in- 
jection of  BE 


Clinical  Histological 
Copolymer    incidence  changes 


none 

15/20 

20/20 

Cop  1 

3/9 

8/9 

Cop  2 

5/10 

9/10 

Cop  3 

5/10 

9/10 

Cop  1 

2/9 

5/9 

Cop  2 

4/10 

10/10 

Cop  3 

3/10 

10/10 

ICFA  alone 

2/5 

5/5 

4.4.  Effect  of  schedule  of  injections 

The  effectiveness  of  Cop  1  was  studied  as 
a  function  of  the  schedule  of  the  injections 
given  for  suppressing  the  EAE.  The  results 
given  in  Table  7  show  that  the  injections  of 
the  suppressive  agent  may  be  started  as  late 
as  5  days  after  the  challenge  with  the  BE 
and  still  provide  a  protecting  effect. 

However,  if  the  injections  are  started  at  10 
days  after  the  challenge,  the  polymer  is  not 
effective  any  longer.  The  best  conditions,  as 
indicated  by  these  experiments,  are  three  in- 
jections of  the  material  at  days  5,  10  and  15 
after  the  induction  of  EAE. 


Table  6.  Suppression  of  EAE  by  intravenous  injections  of  polymers3) 

Clinical  Histological  changes 

Treatment  incidence 

Incidence  Degree 

Control  10  Mg  of  BE      4/5  5/5  ++,+*♦ 

Copl  1/5  4/5 

Cop  2  6/8  7/8  ++,  +*+ 

a)  The  copolymers  (1  mg)  were  injected  intravenously  at  days  5 ,  10, 
15  after  challenge  with  BE. 


4.3.  Prevention  and  suppression  of  EAE  with  synthetic 
copolymers 

In  the  first  stage  of  this  work  experiments  of  prevention 
and  suppression  of  EAE  with  the  synthetic  polymers  were 
carried  out  under  conditions  identical  with  those  described 
by  Roboz-Einstein  et  al.  [10].  The  results  are  listed  in 


In  later  experiments  it  was  found  that  when  young  guinea 
pigs  (weighing  less  than  300  g)  were  used,  the  day  of  onset 
of  paralysis  occurred  earlier  (at  days  12-15  as  compared  to 
days  15—21  in  adult  animals).  In  these  cases  the  suppression 
injections  have  to  be  given  at  earlier  dates,  namely,  days  1,  6 
and  1 1  after  the  challenge. 

4.5.  Specificity  of  the  suppressive  effect 

In  an  attempt  to  study  the  specificity  of  the  suppressive 
effect,  we  first  synthesized  and  tested  another  batch  of 
Cop  1  prepared  under  the  same  conditions  as  the  first  one. 
The  two  batches  of  the  polymer  were  shown  to  be  similar 
in  both  amino  acid  composition  and  molecular  weight 
(Table  1).  In  addition  to  the  testing  of  the  second  prepara- 
tion of  Cop  1 ,  we  compared  the  efficiency  of  this  suppression 
to  that  caused  by  the  natural  BE  on  the  one  hand,  and  by 
non-related  materials  on  the  other  hand.  The  results  listed 
in  Table  8  show  that  the  two  batches  of  the  polymer  had 
similar  activities.  Both  reduced  considerably  the  clinical 
and  histological  symptoms  of  the  disease  to  an  extent 
comparable  to  the  reduction  effected  by  the  natural 


Eur.  J.  Immunol.  1971.  1:  242-248 


Supression  of  experimental  allergic  encephalomyelitis 


247 


Table  7.  Role  of  schedule  of  injections  in  EAE  suppression 


Treatment 


Control:  10  n%  of  BE 
Cop  1  batch  1. 

Three  injections  of  1  mg  given 
at  days  1 ,  5,  10  after  challenge 
wjth  BE 

Cop  1  batch  1 . 
Three  injections  of  1  mg 
given  at  days  5,  10,  15  after 
challenge  with  BE 

Cop  1  batch  1. 
Two  injections  of  1  mg 
given  at  days  10,  15  after 
challenge  with  BE 


Clinical  incidence 
Individual  experiments      Total  % 
3/5  4/5  3/5  4/7  14/22  64 


1/5  2/5 


0/5  1/5  1/5  3/7 


3/5  3/5 


3/10  30 


5/22  22 


6/10  60 


Histological  changes 
Incidence  Total       %  Degree 

5/5  5/5  5/5  7/7  22/22       100  +++ 


3/5  4/5 


4/5  4/5  5/5  4/7 


4/5  5/5 


7/10         70  +,++ 


17/22        77  +.++ 


9/10         90         -H-,  +++ 


encephalitogen.  In  contradistinction,  the  synthetic  acidic 
polymer  AGT,  of  a  similar  molecular  weight  to  Cop  1  but 
devoid  of  the  basic  lysine  residues,  did  not  provide  any 
protective  effect;  of  the  three  basic  non-related  proteins 
used  in  this  study  RNase  was  the  only  one  that  had  a 
slight  protective  effect.  It  is  not  clear,  however,  what  the 
in  vivo  effect  of  RNase  is,  due  to  its  enzymative  activity 
on  nucleic  acids.  Neither  lysozyme  nor  cytochrome  c 
had  any  protective  effect. 


The  possible  effect  of  Cop  1  on  the  development  of  delayed 
hypersensitivity  towards  the  BE  was  also  investigated.  The 
results  given  in  Table  9  show  no  such  effect.  Whereas  the 
difference  in  the  clinical  incidence  of  EAE  between  the  con- 
trol and  experimental  group  was  very  marked,  the  prevalence 
of  delayed  hypersensitivity  was  very  similar  in  the  animals 
suffering  from  EAE  and  in  those  where  protection  was  ef- 
fected. 


4.6.  Additional  remarks 


5.  Discussion 


A  general  phenomenon  encountered  in  all  the  experiments 
described  was  the  considerable  loss  of  weight  of  anomals 
with  EAE,  observed  usually  one  day  before  paralysis  oc- 
curred. In  cases  where  protection  against  the  disease  was 
successful  the  loss  of  weight  was  less  marked  and  lasted  for 
only  a  few  days,  after  which  the  animals  regained  weight. 


Table  8.  Specificity  of  EAE  suppression 


Treatment: 

Three  injections  of  1  mg 

Clinical  incidence 

Histological  changes 

at  days  5,  10,  15  after 

challenge  with  BE 

Total 

% 

Incidence 

% 

Degree 

Control 

14/22 

64 

22/22 

100 

++, +++ 

Cop  1  batch  1 

5/22 

22 

17/22 

77 

+.  ++ 

Cop  I  batch  2 

3/13 

23 

11/13 

85 

+,  ++ 

Basic  encephalitogen  (BE) 

2/8 

25 

8/8 

100 

+♦  ♦+ 

Acidic  copolymer  AG  I 

10/13 

77 

13/13 

100 

++,  +++ 

Lysozome 

2/3 

66 

5/5 

100 

++, +++ 

RNase 

7/13 

54 

12/13 

92 

++,  +++ 

Cytochrome  c 

7/10 

70 

10/10 

100 

++,  +++ 

Table  9.  Effect  of  synthetic  polymer  on  delayed  hypersensitivity  to  BE 


Treatment 


Control:  10  Mg  BE 

Three  injections  of  1  mg  of 
Copl(at  days5t  10,  15 
after  challenge  with  BE 


Clinical 
incidence 

24/36 
11/40 


Delayed  hypersensitivity  to  BE 
Incidence      Mean  diameter(mm) 
32/36  H.2 


34/40 


10.4 


The  data  reported  in  this  communication  demonstrate  that 
a  preparation  of  a  simple  synthetic  basic  copolymer  of 
amino  acids  has  a  marked  suppressive  effect  of  EAE  when 
injected  either  intradermal^  or  intravenously.  Using  the  in- 
tradermal injections,  administered  in  incomplete  Freund's 
adjuvant,  two  other  basic  copolymers  also  had  suppressing 
activity,  which  could  not  be  demonstrated  in  ex- 
periments where  the  materials  were  injected  intra- 
venously in  saline  (Tables  5  and  6).  However,  the 
effect  of  the  intradermal  injections  seems  rather 
difficult  to  evaluate  due  to  the  suppressing  effect 
incurred  by  the  adjuvant  alone  under  the  same 
conditions  (Table  5).  For  this  reason,  the  results 
obtained  by  intravenous  injections  in  saline  are 
considered  to  be  more  reliable.  Only  one  basic 
copolymer,  Cop  1,  has  protective  activity  against 
EAE  when  injected  intravenously,  and  this  mate- 
rial does  not  bring  about  any  apparent  toxic 
effects  in  the  treated  animals. 


The  effect  of  this  copolymer  seems  to  be  specific, 
as  indicated  by  the  fact  that  a  second  batch  of  the 
same  material  prepared  under  identical  conditions 
and  having  the  same  amino  acid  composition  and 
molecular  weight,  showed  similar  activity  to  that 
of  the  first  one,  while  on  the  other  hand,  an  acidic 
copolymer,  AGT,  with  the  same  molecular  weight 
but  lacking  in  lysine,  had  no  protective  effect.  As 
this  may  indicate  that  basicity  is  of  importance, 
other  basic  proteins  of  similar  molecular  weight 
were  also  checked.  The  finding  that  none  of  these 
proteins  had  any  protective  effect  (Table  8),  and 
that  only  Cop  1  was  effective  under  the  condi- 
tions used  in  this  study,  indicate  that  the  net 
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electrical  charge  of  the  molecule  is  not  by  itself  sufficient  in 
inducing  the  suppressive  activity.  It  is  possible,  however,  that 
the  density  of  the  charge  on  the  surface  of  the  molecule  has 
a  determining  role. 

EAE  is  generally  associated  with  cellular  immunity  [2],  and 
delayed  hypersensitivity  measurements  serve  as  an  impor- 
tant criterion  in  its  determination  [30].  From  our  results 
this  correlation  does  not  seem  to  be  valid,  as  indicated  in 
Table  4.  Furthermore,  the  decrease  of  the  incidence  of  EAE 
induced  by  Cop  1  is  not  associated  with  an  equivalent  sup- 
pression of  delayed  hypersensitivity  to  the  basic  encephalito- 
gen  (Table  9).  These  results  seem  to  indicate  that  the  sup- 
pression of  EAE  is  not  necessarily  accompanied  by  a  mani- 
festation of  delayed  hypersensitivity,  as  suggested  by  Lisak 
et  al.  [33].  On  the  other  hand,  they  are  in  agreement  with 
the  results  of  Chase  [34],  and  of  Caspary  and  Field  [35], 
which  raised  doubts  about  the  significance  of  the  skin  sensi- 
tivity test  in  EAE. 

Copolymer  1  in  itself  is  immunogenic  and  elicits,  in  rabbits, 
the  production  of  specific  antibodies.  It  has  not  yet  been  de- 
termined whether  it  is  immunologically  active  in  guinea  pigs 
as  well,  and  whether  any  cross -re  action  exists  between  it  and 
the  natural  encephalitogen.  The  problem  is  under  investi- 
gation at  present,  and  might  serve  as  a  clue  in  studies  of  the 
mechanism  of  the  suppressive  activity  of  the  synthetic  co- 
polymer. 

Animals  protected  by  Cop  1  probably  go  through  a  state  of 
a  very  mild  manifestation  of  the  disease,  as  indicated  by  a 
slight  loss  in  weight  and  the  mild  histological  lesions  in  the 
brain.  The  animals  usually  regain  their  weight  within  a  few 
days,  and  after  a  period  of  about  four  weeks  they  return  to 
a  completely  normal  state.  Preliminary  data  indicate  that 
thereafter  they  remain  protected  against  the  disease,  since 
a  second  challenge  with  a  disease-inducing  dose  of  the  BE 
does  not  bring  about  any  clinical  effects.  In  that  respect,  the 
animals  which  were  protected  by  the  copolymer  show  the 
same  behavior  as  animals  which  have  recovered  from  a  se- 
vere state  of  EAE  and  are  subsequently  resistant  to  the  in- 
duction of  a  second  attack  [32,  36,  37]. 

The  two  general  methods  for  suppressing  EAE,  which  were 
previously  described,  are  the  use  of  immunosuppressive  a- 
gents  such  as  ALS  [38],  cyclophosphamide  [39]  or  X-ray- 
irradiation  [40]  on  the  one  hand,  and  the  use  of  high  doses 
of  the  encephalitogen  itself,  on  the  other  hand  [8,  10].  The 
use  of  a  synthetic  copolymer  described  here  is  advantageous 
over  these  two  methods,  since  the  polymer  is  devoid  of  en- 
cephalitogenic  activity  and  is  not  immunosuppressive.  More- 
over, it  is  simple  in  composition  and  easy  to  synthesize.  In 
its  suppressive  activity  it  is  as  effective  as  the  BE  itself,  and 
thus  may  be  of  help  both  in  studies  of  the  mechanism  of 
EAE  and  as  a  potential  suppressive  agent  for  EAE  and  other 
diseases  of  a  similar  nature. 

Received  March  5, 1971. 
6.  References 

1  Rivers, T.  M.  and  Schwenker,  F.  F.J.  Exp.  Med.  1937.  61:  689. 

2  Paterson,  P.  Y.^avcn.  Immunol  1966.5:  131. 

3  Kies,M.  W.,Ann.  N.  Y.  Acad  Sci.  1965. 122:  161. 


Eur.  J.  Immunol.  1971. 1:  242-248 


4  Nakao,  A.,  Davis,  W,  J.  and  Roboz-Einstein,  E,,  Biochim.  Bio- 
phys.  Acta,  1966.  ISO:  163. 

5  Carnegie,  P.  R.,  Bencina,  B.  and  Lamoureux,  G.  L.,  Biochim.  J., 
1967. 105:  559. 

6  Eylar,  E,  A.,  Salk,  J.,  Beveridge,  C.  and  Brown,  L.  \.,Arch.  Bio- 
chem.  Biophys.  1969. 132:  34. 

7  Hirshfeld,  T„  Teitelbaum,  D.,  Arnon,  R.  and  Sela,  M„  FEBS 
letters,  1970.  7:  317. 

8  Alvord,  E.  C,  Jr.,  Shaw,  C.  M.,  Hruby,  S,  and  Kies,  M.  W.,  Ann, 
N.  Y.  Acad.  Sci  1965. 122:  333. 

9  Roboz-Einstein,  E„  Csejtey,  J.,  Davis,  W.  J.  and  Rauch,  H.,Proc. 
8thlnternat.  Congr.  Neurol.  Vienna,  1965.  4:  137. 

10  Roboz-Einstein,  E.,  Csejtey,  J.  Davis,  W.  J.  and  Rauch,  H., Im- 
munochemistry  1968.5:  567. 

11  Katchalski,  E.  and  Sela,  U.,Advan.  Prot.  Chem.  1958. 13:  243. 

12  Berger,  A.,  Kurtz,  J.,  Sadeh,  T.,  Yaron,  A.,  Arnon,  R,  and 
Lapidoth,  Y., Bull  Res.  Counc.  Israel  1958.  7A:  98. 

13  Bailey,  J.  L.J.  Chem.  Soc.  1950.  p.  3461. 

14  Katchalski,  E.  and  Berger,  A., Methods  in  enzymology.  1957. 
3:  546. 

15  Sela,  M.,  Arnon,  R.  and  Jacobson,  L,  Biopolymers  1963. 1:  517. 

16  Ben-Ishai,  D.  and  Berger,  A.,  J.  Org.  Chem.  1952. 17:  1564. 

17  Goldberger,  R.  F.  and  Anfinsen,  C.  B., Biochemistry  1962. 1:  401. 

18  Patchornik,  A.,  Berger,  A.  and  Katchalski, E.,/.  Amer.  Chem. 
Soc.  1957.  79:  5227. 

19  Bohak,  Z.  and  Katchalski,  E,,  Biochemistry  1963.  2:  228. 

20  Leuchs,  H.,  Chem.  Ber.  1906.  39:  857. 

21  Ariely,  S.,  Wilchek,  M.  and  Patchornik,  A., Biopolymers  1966. 
4:  91. 

22  Berger,  A.  and  Katchalski,  E.J.  Amer.  Soc.  1951.  73:  4084. 

23  Becker,  R.  R.  and  Stahmann,  M,  A.J.  Biol.  Chem.  1953.204: 
737. 

24  Sela,  M.,Fuchs,S.  and  Arnon,  R.,Biochem.J.  1962.55:  223. 

25  Brocklehurst,  W.  E.  in  Weir,  D.  M.  (Ed.)  Handbook  of  Experi- 
mental Immunology,  Blackwell  Scientific  Publications,  Oxford 
1967,  p.  745. 

26  Schwartz,  M.  K.  and  Bodansky,  O.,  Methods  in  Enzymology 
1966.9:  294. 

27  Bowling,  M.  C.,Histopathology  laboratory  procedures  of  the 
pathologic  anatomy  branch  of  the  National  Cancer  Institute, 
National  Institute  of  Health,  Bethesda,  Md.,  1967,  p.  88. 

28  Spackman,  D.  H.,  Stein,  W.  H.  and  Moore,  S.,Anal  Chem.  1958. 
30:  1190. 

29  Yphantis,  D.  A.,  Biochemistry  1964.  3:  297. 

30  Alvord,  E.  C,  Jr.,  Shaw,  C.  M.,  Lisak,  R.  P.,  Falk,  G.  A.  and 
Kies,  M,  W.,/«r.  Arch.  Allergy  A ppl.  Immunol.  1970.  38:  403. 

31  Kaplan,  A.  E„  Brown,  L.  V.  and  Salk,  J.,  Nature  1970. 225:  384. 

32  Svet-Moldavsky,  G.  J.,  Svet-Moldavskaya,  I.  A.  and  Raffkina,  L.  I., 
Nature  1959.  184:  1552. 

33  Lisak,  R.  P.,  Falk,  G.  A.,  Heinze,  R.  G.,  Kies,  M.  W.  and  Alvord, 
E.  C.J.  Immunol  1970. 104:  1435. 

34  Chase,  M.  W.,  in  Kies,  M.  W.  and  Alvord,  E.  C.  (Eds.)  Allergic 
Encepahlomyelitis,  Thomas,  Springfield  1959,  p.  444. 

35  Caspary,  E.  A.  and  Field,  E.  J.,  Nature  1963. 197:  1218. 

36  Paterson,  P.  Y.,  Harwin,  S.  M.  and  Didakone,  N.  C.J.  Clin.  In- 
vest. 1967.40:  1069. 

37  Svet-Moldavskaya, I.  A.  and  Svet-Moldavsky,  G.  J.,  Nature  1959. 
181:  1536. 

38  Waksman,  B.  H.,  Arbuoys,  S.  and  Arnason,  B.  Q.J.  Exp.  Med. 
1961.116:  169. 

39  Calne,D.B.  and  Leibowitz, S., Atoure  1963. 197:  1309. 

40  Paterson,  P.  Y.  and  Beisaw,  N.  E.J.  Immunol.  1963.  90:  532. 


